The Sea of Okhotsk is a challenging environment for obtaining in situ data and satellite observation in winter due to sea ice cover. In this study, we evaluated the validity of hydrographic observations by marine mammals (e.g., seals and sea lions) equipped with oceanographic conductivity-temperaturedepth (CTD) sensors. During 4-yr operations from 2011 to 2014, we obtained total of 997 temperature-salinity profiles in and around the Soya Strait, Iony Island, and Urup Strait. The hydrographic data were mainly obtained from May to August and the maximum profile depth in shelf regions almost reaches to the seafloor, while valuable hydrographic data under sea ice cover were also obtained. In strong thermoclines, the seal-derived data sometimes showed positive biases in salinity with spikelike signal. For these salinity biases, we applied a new thermal mass inertia correction scheme, effectively reducing spurious salinity biases in the seasonal thermocline. In the Soya Strait and the adjacent region, the detailed structure of the Soya Warm Current including the cold-water belt was well identified. Dense water up to 27.0s q , which can be a potential source of Okhotsk Sea Intermediate Water, has flowed from the Soya Strait into the Sea of Okhotsk in mid-winter (February). In summer, around the Iony Island and Urup Strait, remarkable cold and saline waters are localized in the surface layers. These regions are also characterized by weak stratification, suggesting the occurrence of tidally induced vertical mixing. Thus, CTD-tag observations have a great potential in monitoring data-sparse regions in the Sea of Okhotsk.
Introduction
The Sea of Okhotsk is a marginal sea located in the northwestern part of the North Pacific and characterized by the southernmost seasonal sea ice zone in the Northern Hemisphere. In winter, a large amount of sea ice formation and the resultant brine rejection lead to thermohaline circulation with production of cold and oxygenrich dense shelf water (DSW) of density of 26.8e27.1s q [s q is defined as potential density e 1000 (kg/m
3 )] (Shcherbina et al., 2003) . The DSW is subducted into the intermediate layer and results in the formation of the Okhotsk Sea Intermediate Water (OSIW), a major source water of the North Pacific Intermediate Water (Warner et al., 1996; Itoh et al., 2003) . The Soya Warm Current (SWC) water also partly contributes to the formation of the OSIW (Watanabe and Wakatsuchi, 1998) . In the Kuril straits, the dynamical processes related to strong tidal currents also play an essential role in the ventilation of the OSIW (Nakamura and Awaji, 2004; Tanaka et al., 2010) . The thermohaline circulation and tidally induced vertical mixing in the Sea of Okhotsk is also likely to have an important role in the transport of iron from the shelf region to the basin area . Iron is known to be an essential micronutrient for phytoplankton growth control in the subarctic North Pacific, which is one of the high-nutrient low-chlorophyll (HNLC) regions (e.g., Tsuda et al., 2003) . Recently, comprehensive analysis of hydrographic data (Nakanowatari et al., 2007; Ohshima et al., 2014) and numerical model experiments (Nakanowatari et al., 2015) indicated that the thermohaline circulation system in the Sea of Okhotsk has been weakened over the past several decades due to the global warming and its influence on the material cycle and ecosystem. Thus, the marine environment in the Sea of Okhotsk should be monitored in order to understand the influence of climate change on the material circulation and ecosystem in the subarctic North Pacific. However, since the sea surface in the Sea of Okhotsk is covered by sea ice in winter and the atmospheric boundary region is foggy in summer, year-round satellite and hydrographic data are extremely difficult to obtain. The recent ARGO profiling float project (Argo Science Team, 2001 ) enabled the utilization of large volumes of oceanographic observational data from the basin area; however, data from the seasonal sea ice zone in the polar region remains limited.
Recently, a biologging technique has been established for polar oceanographic observations. This technique remotely obtains temperature and salinity profile data from marine mammals equipped with high-accuracy conductivity-temperature-depth (CTD) sensors through the Argos satellite transmitter (Fedak, 2004) . In the Southern Ocean, instrumented seals have provided huge volumes of hydrographic data, by one or two orders larger than the in-situ observation and conventional Argo profiling floats (Charrassin et al., 2008; Roquet et al., 2014) . Because bottomfeeding seals like the southern elephant seal behaviorally dive up to near the bottom to feed, the biologging CTD observation can be effectively used to examine Antarctic Bottom Water (Ohshima et al., 2013; Williams et al., 2016) In (Yamanaka, 1983) . In summer, overwintering Steller sea lions in the southern coastal area migrate northward to Iony Island, Tyulenii Island, and the Kuril islands (see Fig. 1 for the locations) for their breeding. Although Ribbon seals generally live over the sea ice in the ice front zone during their breeding in winter, they move to offshore regions in summer and are known to dive to depths of more than 200 m to feed on fish and marine benthos. Therefore, it is possible to use the biologging method by marine mammals in the Sea of Okhotsk to monitor the intermediate water, including the DSW.
We initially attempted to obtain hydrographic data for the datavoid season (winter) in the Sea of Okhotsk by the instrumented marine mammals. However, the wintertime oceanographic data were obtained only along the coastal region of Hokkaido. Moreover, the diving depths of Ribbon seals were almost around 200 m, which do not include the intermediate layer. Thus, we could not fully monitor the temperature and salinity in the intermediate water. On the other hand, we obtained large volumes of hydrographic data from in and around the Soya Strait. Furthermore, we obtained hydrographic data from near the Kuril straits and Iony Island, where the observation was limited. In this paper, we present these newly obtained hydrographic data and discuss their reliability. We also present a new thermal mass inertia correction to reduce the salinity biases observed in strong thermocline depth in summer. It is demonstrated that this correction method for the CTD-tag data can be applied to the summertime hydrographic data from the other seasonal sea ice zone.
Observational technique and data processing
Series 9000 CTD-Satellite Relay Data Logger (hereafter, CTD-tag) (Fedak, 2002 (Fedak, , 2004 Boehme et al., 2009 ) was attached to marine mammals to record vertical temperature and salinity profiles. It consists of a 401 MHz RF unit and an antenna for data transfer via the Argos system (Argos, 2016). The CTD-tag was designed and built at the Sea Mammal Research Unit (SMRU), St. Andrews, UK. Before being taken into the field, the CTD sensor package was calibrated in the laboratory by Valeport Ltd., Devon, UK. The temperature and conductivity sensors have precisions of 0.005 C and 0.005 mS/cm, respectively. The geographical location of the CTD-tag was computed using a least square analysis based on possible locations from multiple satellite messages with an accuracy of around~1 km. When the CTD-tag detects the deepest point of a dive, temperature, conductivity, and pressure are sampled at a rate of 1 Hz until the tag reaches the surface. Although the CTD sensor samples the oceanographic data with a resolution of~1 m, only temperature and conductivity data from a sub-set of pressure points are selected for transmission from original high-resolution data because of the limited Argos data transfer and energy constraint. When the maximum profile depth is 100 m, the vertical resolution is typically arranged every~2 m from surface to 20 m depth and every~10 m from 20 m to deeper depths.
From 2011 to 2014, a total of eight seals and sea lions were captured at three locations on the Hokkaido coast (Bakkai, Table 1 for tag IDs). The deployment sites (Bakkai, Sarufutsu, and Abashiri) are indicated with circles. The bottom contours of 100-, 200-, 1000-, and 3000-m depths are shown. The bathymetry data are derived from the ETOPO1 (Amante and Eakins, 2009). Sarufutsu, and Abashiri; see Fig. 1 for the locations), and equipped with a CTD-tag. Field work involving the seals was conducted by the commission of coastal fishery in Hokkaido, using trap nets. To catch Steller sea lions, set nets for fisheries were used. After the marine mammals were caught, sedated, weighted, and had their dimensions measured, CTD-tags were adhered to their heads using epoxy resin. The seals were handled under the supervision of an experienced anesthesiologist in accordance with wild life guidelines, with the approval of municipal governments. Steller sea lion experiments were approved by the Animal Studies Ethical Committee at Hokkaido University. Because seals and sea lions in the Sea of Okhotsk mainly migrate northward at the end of spring, most of them were caught during May to June (Table 1) , then immediately released after being equipped with CTD-tags. However, only Spotted seal was caught and equipped with CTD-tag along the coast of the Japan Sea (Bakkai) in February (data-void season). Although the battery of the CTD-Satellite Relay Data Logger (CTD-SRDL) was designed to last for eight months, all the CTD-SRDLs stopped transmitting data to the Argos satellite system in summer, likely due to molting in seals. Nevertheless, a total of 997 profiles were obtained over 4 years. Locations of the deployment, duration of the observations, and number of profiles are summarized in Table 1 . Fig. 1 shows all the trajectories of CTD-tags between 2011 and 2014. A large number of hydrographic profiles were obtained from in and around the Soya Strait, because instrumented sea lions continuously migrate between the Sarufutsu and Moneron Islands (46.25 N, 141.23 E) . Such data from across the Soya Strait had almost never been acquired via shipboard measurements. Hydrographic profiles along the Nemuro Strait, which were also seldom covered by ship-based measurements due to the shallow depth, were also obtained from instrumented sea lions. Hydrographic data from the Kuril straits and along Sakhalin Island were obtained from one sea lion that migrated to the Urup Strait and another that migrated to Iony Island, respectively. These migration routes are consistent with seasonal migration patterns of sea lions (Yamanaka, 1983) .
Obtained CTD profiles are sorted into dive-depth bins as shown in Fig. 2a . Most of the hydrographic data were obtained within upper 100 m, although profiles as deep as 200m were obtained around Iony Island and the Urup Strait by sea lions (Fig. 1) . We also examined the distance between the maximum dive and bottom depths, and found that most of the profiles reached near-bottom depths (Fig. 2b ). This is because sea lions and seals tend to dive to the bottom in shallower areas to feed. The negative values in the depth above bottom might be related to the precision of the CTDtag locations and/or bathymetry data. Thus, biologging observation in the Sea of Okhotsk enables the acquisition of hydrographic data from the entire water column in the shelf region.
Correction method for temperature and salinity data
From preliminary checks of the obtained temperature and salinity data, we found several cases of unrealistic spikes of high salinity at the subsurface around the Kuril straits and Iony Island in summer. Fig. 3 shows typical vertical profiles of temperature and salinity from the station north of the Urup Strait in the Kuril Basin in July. A remarkably high salinity value > 33.2 is found at around 20 m (black lines in Fig. 3 ). This depth corresponds to the strong thermocline ( Fig. 3 ) thus, the spike of high salinity can be likely be attributed to the thermal inertia problem of the CTD sensor, which is a well-known problem affecting CTD data equipped with inductive conductivity cells (e.g., Lueck, 1990) . In the algorithm of data sampling in the CTD-tag, temperature and conductivity are measured during the ascending phase, and are used in the salinity conversion. The quality of these data is highly influenced by the ascending speed of the CTD sensor. The average ascent speed of the seal in this profile is estimated to be 0.93 m/s. The corresponding temperature change rate near the thermocline is~0.6 C/s, which is in the highest range of the problematic seasonal thermocline (Mensah et al., 2009) .
To avoid the spike-like salinity signal of CTD-tags, we applied recently developed thermal mass inertia correction (Mensah and Roquet, personal communication) to the hydrographic data obtained around the Kuril straits and Iony Island (ID numbers: 104510 and 104524). This method, which is further detailed in Appendix A, builds up on Lueck (1990) and consists in reducing relatively slow thermal lag effects affecting salinity measurements. We first remove the erroneous salinity points from the profile, using a criterion based on a temperature gradient threshold, which is determined via high-pass filtering of the temperature profiles (Appendix A). Following this procedure, 18% of the salinity points, whose depths correspond to the largest temperature gradients, were removed; and linear interpolation was carried out to replace the missing salinity values. The effectiveness of the correction method in removing spurious salinity spikes across the summer thermocline is illustrated in Fig. 3 . The correction also removes most of the unphysical density inversions across the thermocline (not shown). The RMS difference between the raw and corrected salinity data, calculated in the upper 20 m of each profile is on average 0.07, but the correction can reach as high as 0.93 in the most extreme case. To evaluate the validity and effectiveness of the temperature and salinity data measured by CTD-tag hydrographic observations, we used climatological monthly mean temperature and salinity data on 0.25 latitude-longitude grid, derived from the World Ocean Database 2013 (WOA13; Locarnini et al., 2013; Zweng et al., 2013) . In this comparison, we used climatological monthly mean data, which were not spatially interpolated, because the influence radius adopted for the objective analysis in the WOA13 was quite large. Fig. 4a shows the typical profiles of the corrected salinity data (red lines) in the Kuril Basin. The surface salinity values from depths shallower than 50 m are overall shifted to lower values, which correspond well with the climatological values in August from the WOA13. Fig. 5 shows the potential temperature-salinity (q-S) diagram based on the CTD-tag data obtained in August from the Kuril Basin. The typical water mass characterized by sub-surface cold water is observed around the potential density of 26.5s q in the CTD-tag data, which is roughly consistent with the water mass property of the WOA13 in August. The surface salinity values are also shifted to lower values in the CTD-tag data around Iony Island, although the change is relatively small (Fig. 4b) . Note that the WOA13 data show an extremely large standard deviation in the upper 5 m around Iony Island (Fig. 4b) . Since this region tends to be influenced by river runoff and/or sea-ice melting, the large standard deviation may be attributed to interannual changes in these factors as well as its spatial variations. Regarding the hydrographic data near the Soya Strait, the salinity values are not significantly changed by the correction (not shown). Thus, it is demonstrated that thermal mass inertia correction is an effective method for subtraction of the spike-like signal inherent in the CTD-tag hydrographic observations in summer.
Results of marine animal's CTD observations
In this section, we introduce newly obtained hydrographic data in and around the Soya Strait, Urup Strait, and Iony Island, and briefly discuss the physical processes in these regions. To examine the hydrographic structure in these regions, the calibrated temperature, salinity, and potential density were linearly interpolated to 1 m intervals and subsampled at standard depths. The resultant data were gridded on 0.1 Â 0.1 grid box with weighted averaging with a Gaussian window of 15 km as a half-width of the window and 7.5 km as an e-folding scale (Levitus and Boyer, 1994) . Fig. 6 shows the mean sea surface temperature (SST) and salinity (SSS) distributions in the Soya Strait and its adjacent region in JuneeJuly. Along Hokkaido Island, the SST and SSS are relatively high with maximum values of 12 C and 34, respectively. Since the SWC, which is characterized by warm and saline water, is strengthened in summer with maximum in August (Fukamachi et al., 2010) , these SST and SSS distributions reflect the SWC. In the offshore region of the warm and saline water region, a Cold Water Belt (CWB) that extends from the southern part of Sakhalin Island to the downstream region is detected. Regarding the generation mechanism of the CWB, there are two theories: one is the secondary circulation caused by the convergence of bottom Ekman layer associated with the SWC shear (Ohshima, 1986; Ishizu et al., 2006 Ishizu et al., , 2008 ; the other is the outcrop owing to internal Kelvin wave forced by the barotropic SWC and a shallow sill in the Soya Strait (Mitsudera et al., 2011) .
The Soya Strait and the adjacent region
Here, we examined the hydrographic structure of the SWC across the Soya Strait (Fig. 7) . The detailed structure of the SWC across the whole area have not been obtained except for the period before the World War II and the Joint Oceanographic Observation Program between the Hokkaido Central Fisheries Experimental Station and the Sakhalin Research Institute of Fisheries and Oceanography conducted in 1995 (Nakata et al., 1995) , because it is difficult to obtain in-situ observations in the Soya Strait across the national border. The vertical cross section of temperature along the Soya Strait clearly shows that relatively warm water with >7 C reaches from the surface to 30 m depth at the side of Hokkaido Island. The potential density distribution indicates that the density gradient across the Soya Strait is large at the side of Hokkaido Island, which leads to the surface-intensified flow along the coast. These density distributions were consistent with the previous hydrographic observations in the downstream region of the SWC (Aota, 1975; Matsuyama et al., 2006; Ishizu et al., 2006) . The outcrop of the potential density of 26.2s q is clearly observed at the northern side of the Soya Strait (~45.9 N), which is associated with the upwelling or mixing of cold water with~4 C. This surface cold water extends from the southern edge of Sakhalin Island to the downstream of the SWC, forming the CWB (see Fig. 6a ; Ishizu et al., 2006; Mitsudera et al. 2011) .
The hydrographic data were also obtained along the coast of the Japan Sea side from February to April (Fig. 1) . A part of them (28 temperature and salinity profiles) covers the Sea of Okhotsk near the Soya Strait, which is under the sea ice cover in the corresponding period. In this area, the surface temperature shows À1.5 C, which is almost freezing point (À1.77 C) at the corresponding salinity value (32.3) (Fig. 8) , implying that the surface water is influenced by the cold and fresh water which is likely to be influenced by the East Sakhalin Current Water (Itoh and Ohshima, 2000; Ohshima et al., 2001; Mizuta et al., 2004 ). This water column shows that the potential density reaches 27.0s q with the salinity of~33.9 and the temperature of~2.5 C near the bottom. Watanabe and Wakatsuchi (1998) and Itoh et al. (2003) suggested that the dense water with >26.8s q from the Soya Strait in spring (from March through June) can be a potential source of the OSIW, which is finally ventilated into the intermediate layer of the North Pacific (Talley, 1991) . The CTD-tag observation directly shows that such dense water up to 27.0 s q has already flowed into the Sea of Okhotsk even in mid-winter (February).
The Urup Strait
Fig . 9a shows the spatial distribution of ocean temperature at 5 m depth around the southern Kuril Straits based on CTD-tag observations during July and August in 2012, which covers the Urup (46 N, 151 E) and Nemuro (44 N, 145.5 E) straits. The warm water region with temperature >10 C is detected around (48 N, 151 E), north of the Urup Strait, where cold water is found. The vertical structure of ocean temperature in this region shows that the surface warm water is limited to the surface layer shallower than 20 m depth (Fig. 10a) and salinity value is extremely low (Fig. 10b) , and thus a strong pycnocline is formed at around 20 m (Fig. 10c) . The surface low salinity water likely originated from the sea-ice melt (Nihashi et al., 2012) . The sub-surface layer occupied by cold water mass less than 1 C seems to be a part of the dichothermal water formed in the preceding winter. These temperature and salinity profiles are typical in the Sea of Okhotsk in summer (Watanabe and Wakatsuchi, 1998) .
Compared to the Kuril Basin (~48 N), much lower temperaturẽ 3 C was observed in the surface layer near the Urup Strait (~46.5 N) even in summer (Fig. 9a) . Vertical cross section of temperature and salinity in this region shows that the water mass property is rather homogeneous from the surface to 140 m ( Fig. 10a  and b ) and thus the stratification is much weaker than in the Kuril Basin (Fig. 10c) . As the tidal current and resultant vertical mixing are prominent in the Urup Strait (Itoh et al., 2014) , cold and saline water is likely to be transported from the intermediate layer to the surface through the vertical mixing processes. These hydrographic features are consistent with the climatological temperature and salinity profiles from the WOA13 of the past several decades (not shown). Thus, the CTD-tag observation can reveal finer hydrographic features particularly for the areas close to the islands.
Iony Island
Similar to the case of the Urup Strait, the CTD-tag observations clearly show the summertime cold SST spot near Iony Island (Fig. 9b) . Vertical cross section across Iony Island shows that the ocean temperature and salinity are vertically homogeneous from 56.2 to 56.9 N, and thus the stratification is quite weak around Iony Island (Fig. 11) . Therefore, the interaction between the tidal current and shallow bottom topography is likely to induce the vertical mixing of water masses and breaks the summertime stratification around Iony Island. To compare the CTD-tag SST data with satellite SST estimates, we used monthly mean MODIS (Aqua) SST data (4-m band night time) with 9-km grid version produced by the Ocean Biology Processing Group (OBPG) at NASA's Goddard Space Flight Center (NASA Goddard Space Flight Center, 2014). The summertime cold SST spot near Iony Island is also detected in the satellite SST data (Fig. 12) , and is distinguished from the cold SST cluster around the Kashevarov Bank where strong tidal mixing occurs and affects the sea ice distribution (Polyakov and Martin, 2000; Ono et al., 2006) . It is noteworthy that a very cold (<À1 C) and saline water mass is observed at the bottom of the northwestern shelf (57 N) (Fig. 11a and b) . Since the potential density of this bottom water is higher than 26.6s q (Fig. 11c) , this bottom water may be the remnant of the DSW (Itoh et al., 2003; Uehara et al., 2012) .
If tidally-induced vertically mixing occurs around Iony Island in summer, it is expected that the nutrient-rich water in the deep layer is transported to the surface, which would effectively contribute to the high primary production. To evaluate the influence of the nutrient-rich water from the deep layer on the summertime primary production, we examined the monthly mean SeaWiFS chlorophyll concentration data with 9-km grid version based on the OCx algorithm (NASA Goddard Space Flight Center, 2014). The monthly mean chlorophyll data averaged from June to July in 2011 shows the significant maximum (>8 mg/m 3 ) of chlorophyll concentration around Iony Island, which is comparable to or higher than that around the Kashevarov Bank (Fig. 12b ). All these results suggest that tidally-induced vertical mixing is very strong around Iony Island, resulting in high primary production through the nutrient-rich water supply.
Summary and discussions
In this study, we conducted CTD-tag observation by seals and sea lions in the Sea of Okhotsk for the first time. From the deployment of eight CTD-tags from 2011 to 2014, we obtained 997 profiles of temperature and salinity along the migration routes of marine mammals. These CTD-tag observations have provided new information on the hydrography particularly in the regions around the Soya Strait, Urup Strait and Iony Island mainly from spring to summer. On the other hand, we have not fully obtained the hydrographic data in the sea-ice zone, because most of the CTD-tag transmissions to the Argos satellites ceased in July and August. Since this period corresponds to the molting season, the CTD-tags were likely to come off from their heads. Thus, to obtain wintertime hydrographic data in the Sea of Okhotsk by biologging, the deployment of CTD-tags should be conducted in fall or winter, when the seals and sea lions migrate around the Kuril straits and Iony Island.
Near the Kuril straits and Iony Island, spike-like high salinity signals were frequently observed in summer at shallow depths, where a strong thermocline is formed. The CTD-tag usually measures the water temperature and salinity during the ascending phase. Therefore, these spike-like salinity biases may be attributed to thermal inertia-induced errors on measured temperatures, which are used for the calculation of salinity. To reduce the salinity biases, we applied recently developed thermal mass inertia correction to the hydrographic data obtained around the Kuril straits and Iony Island. It is found that this correction scheme effectively corrects the salinity profiles collected in summer: the high-salinity biases were successfully removed and the surface salinity values became closer to the climatological values. We propose that the correction scheme used in this study is effective for correcting the salinity data obtained from the CTD-tags, particularly from seasonal ice zone in summer.
In the Soya Strait, the baroclinic structure of the SWC and the density surface outcrop related to the CWB were clearly observed. The density surface outcrop formed in the offshore region of the SWC axis is accompanied with the upwelling of cold water temperature. Such detailed hydrographic structure across the strait had been rarely observed because of logistical problem due to the national border. Since HF radar has measured the surface current in the entire Soya Strait (Ebuchi et al., 2006) , it is expected that more accurate structure of the SWC would be estimated by using these newly obtained hydrographic data together with HF radar. In winter, the sub-surface water near the Soya Strait shows the high salinity of~33.9 and the potential density reaches 27.0s q , which indicate that a potential source water of the OSIW has flowed into the Sea of Okhotsk in mid-winter (February).
Around the Urup Strait and Iony Island, relatively cold and saline water appears near the surface, with the entire water column being weakly stratified, which clearly differs from the vertical profiles of temperature and salinity in the basin area. These hydrographic structures suggest that the water column near the shallow depth region is significantly affected by the vertically mixing due to the interaction between the strong tidal current and shallow bottom topography. The spatial distribution of chlorophyll concentration estimated from the satellite data shows relatively high concentration near Iony Island in summer. The relationship between cold water and high chlorophyll concentration suggests that the tidal current and the resultant vertical mixing near the island and strait provide nutrient supply to the surface layer and thus maintain the high primary production in summer.
In our trial, it was found that the instrumented marine mammals could provide hydrographic observations in and around the Kuril straits and over the northwestern shelf, which are the key areas for the water mass formation but data-limited areas. Therefore, the CTD-tag observations are potentially very effective to obtain the key hydrographic data. So far, we could only obtain very limited data in winter and spring seasons, when the water mass formation occurs. In the future, we should design CTD-tag observations to obtain the data directly related to the water mass formation by adjusting the location and period of the tag attachment.
To correct the thermal mass induced-error in the CTD-tag salinity data, we implement a variation of the correction scheme developed by Lueck (1990) . Our method has two steps: 1) removal of salinity spikes; 2) reduction of slow time-lag effects (thermal mass) on salinity data. We provide a short description of each steps of the correction here.
a We first remove the salinity points where the temperature gradient exceeds a certain threshold. To this end, the temperature data are interpolated linearly with a 1-dbar interval, then a first-order high-pass filter is applied on the data:
T HP ðnÞ ¼ ε½T HP ðn À 1Þ þ TðnÞ À Tðn À 1Þ; for n ¼ p max …1;
where ε ¼ t=ðt þ DtÞ, T(n) is the nth sample's temperature, indexed from the bottom to top of the profile, and t ¼ 0:5 s is the cutoff period set to equal half the Dt ¼ 1 s sampling interval, based on the realistic assumption that the seal's ascent speed is 1 dbar/s. We set the initial value of the high-passed signal as T HP (p max ) ¼ 0 C. As the vast majority of the profiles start at depths where little or no temperature gradient exists, setting T HP (p max ) ¼ 0 is consistent with the actual gradient conditions. The filter is applied from the bottom to the top pressure value because the profile was sampled during the seal's ascent. The salinity data points for which T HP > 0.065 C are removed and the remaining points are linearly interpolated on a 1-dbar interval. Note that the upper-most point of each profile is always conserved regardless of its high-pass value, so as to provide an environmental constraint to the scheme. The threshold T HP ¼ 0.065 was chosen as a trade-off between removing the erroneous salinity data generating spurious density inversion, and conserving the largest part of the original data points, both of which should be considered as crucial parameters. For the two tags' data processed in this study, 18% of the original salinity points were removed via this threshold and replaced by interpolation, and 92% of the profiles have 50% or more of their original points below the threshold.
b Then, the salinity data are corrected using a variation of the Lueck (1990) 's thermal mass correction. A correction, estimated as follows, is applied on the interpolated profile obtained from the step above:
S T ðnÞ ¼ Àb S S T ðn À 1Þ þ Ga S ½TðnÞ À Tðn À 1Þ; for ¼ n 
The coefficients a and b correspond, respectively, to the initial error of salinity estimation following a step change in temperature, and the inverse relaxation time (time necessary for the error to decrease to 1/e of its initial value). We have set empirically a ¼ 0.05 or 5% and b ¼ 1 17 s À1 . Here f N ¼ 0.5 s À1 is the equivalent Nyquist frequency of the salinity series. In that study, the CTD-tags are attached to a SBE9 CTD whose salinity data are used as reference, and both sensors conduct the same profiles simultaneously. The a s and b s coefficient values are adjusted by evaluating the difference between S cor and the reference salinity S ctd . In this study, the coefficients were validated by comparison of the corrected salinity with historical CTD data from the WOA13 database (Fig. 4) . Fig. A1 provides an overview of the different correction steps and results of a profile presenting an extremely high temperature gradient in the area north of the Urup Strait. 
